INTRODUCTION
Biological materials, such as cartilages, skeletal muscles and nacres, are well known for their excellent strength and toughness due to the elaborate ordered microstructures of reinforcing nanomaterials within matrix [1] [2] [3] [4] [5] [6] . Inspired by these sophisticated designs, tremendous efforts have been devoted to the development of bioinspired composites featuring strength and toughness competitive with that of their natural counterparts [7] [8] [9] [10] . Advanced nanocomposites have been intensively developed by using carbon nanotubes (CNTs), grapheneoxide, and graphene owing to their superior mechanical properties. Nanocomposite fibers are of significance in constructing high-strength and high-toughness structural materials with low-weight in defense and aerospace engineering [11] .
To date, several strategies have been developed to fabricate nanocomposite fibers with aligned structures, including spinning, microfluidic and confined space assisted assembly. The spinning-based method in wet [12] [13] [14] and dry state [15] [16] [17] has been widely utilized and has realized the fabrication of CNTs-based fibers or yarns with excellent tensile strength or toughness. However, the limitations of this method include that the fabrication process usually needs high concentration suspensions of CNTs or high energy consumption (i.e., high temperature) during the post-treatment process. Recently, two-dimensional (2D) nanomaterials, such as graphene-oxide or graphene, were introduced into the spinning system [18] [19] [20] in order to obtain better mechanical properties. However, the extremely rigorous post-treatment processes, such as UV irradiation, hightemperature annealing, and HI reduction, result in high cost, high energy consumption and high-risk of environmental pollution. The microfluidic-based strategy relies on complicated devices, making it difficult to scale up [21] [22] [23] [24] . Although the confined space assisted assembly was developed to fabricate flexible and multifunctional graphene-based fiber with improved strength, magnetic and electrical properties [24] [25] [26] , all the resulting nanocomposite fibers from the above strategies exhibit poor toughness, which is of great importance in military armor and aerospace [12] . Therefore, it is still a key hurdle to fabricate nanocomposite fibers with super toughness and strong strength under mild conditions.
Here, we developed a facile flow-induced assembly strategy for the development of super-tough and strong nanocomposite fibers with highly ordered CNTs. By using the liquid-like property of hydrogel surfaces and gravity, aqueous solutions containing CNTs could rapidly and directionally flow on the vertical hydrogel surfaces with grooves, leading to the assembly of CNTs into highly ordered structures. The assembled CNTs were converted into nanocomposite fibers, which exhibited the strength and toughness as high as 643±27 MPa and 77. , respectively, at ultimate strain of 14.8±1.5%. Our nanocomposite fibers show significant energy absorption capacity at lower strain, which will have promising applications in advanced bullet-proof vest and protective layers.
EXPERIMENTAL SECTION

Materials
Acrylamide (AAm), sodium alginate (SA), ammonium persulphate (APS), calcium chloride (CaCl 2 ), N,N,Nʹ,Nʹ-tetramethylethylenediamine (TEMED), and N,Nʹ-methylenebis(acrylamide) (MBAAm) were purchased from Sigma-Aldrich. High purified single-walled CNTs (average length: 5-30 μm (Fig. S1 ), purity: > 95%) dispersion (0.1 wt%) were purchased from the Nanjing XianFeng Nano Material Technology Co., Ltd. All the reagents were used without further purification.
Preparation of PAAm hydrogel
To obtain grooved polyacrylamide (PAAm) hydrogels, a copper wire with diameter of 0.5, 0.8, 1.0 or 1.2 mm was placed in the container as a template. The aqueous mixture of AAm (15 g), MBAAm (0.3 g), and APS (0.3 g) in 100 mL distilled water was prepared. The PAAm hydrogel was synthesized by radical polymerization for 5 min after the addition of TEMED (300 μL) at room temperature. Then the copper wire was peeled off and the obtained hydrogels were rinsed in excessive water to wash off the unreacted components, ensuring the grooved hydrogels fully swollen.
Preparation of reaction solution
SA powders were dissolved in deionized water and stirred overnight to obtain the alginate solution (2 wt%). The CNTs dispersion (0.1 wt%) was used as received. Then, the above stock solutions were added to deionized water to prepare various reaction solutions with different contents of SA and CNTs. The mixed solutions were sonicated for 10 min with 100 W power to obtain homogenous reaction solutions.
Preparation of bioinspired CNTs/CA nanocomposite fibers
Before the fabrication process, the prepared fully swollen grooved hydrogels were placed into equal weight of deionized water, then calcium chloride (CaCl 2 ) was added into the mixture and the final concentration was 0.05 mol L −1. After soaking for 30 min, the hydrogels containing CaCl 2 were obtained. To fabricate CNTs/calcium alginate (CA) nanocomposite fibers, the prepared reaction solution was dropped onto the grooved hydrogel surface. Upon contacting the hydrogel surface, the droplet of the reaction solution rapidly flowed along the groove on the hydrogel surfaces due to the liquid-like property of hydrogel surfaces and gravity. At the same time, the reaction solution was gelatinized into a gel fiber rapidly via in situ ionically crosslinking of CA as the calcium ions diffused from the hydrogel surface to the liquid film. The gel fibers were readily separated from the hydrogel surface in water bath. After being dried in air condition, uniform and continuous nanocomposite fibers were obtained.
Instruments and characterization
The viscosity of the reaction solutions was measured at 21°C by using an Anton Paar model MCR-301 rheometer in a range of 1-100 rad s −1 . The morphology of the obtained fibers was characterized by scanning electron microscopy (SEM, JEOL SU8010, Japan) operated at 5 kV.
To minimize charging effects, a few nanometers thick layer of platinum was applied to nonconductive samples prior to imaging. Polarized optical microscopy was performed under crossed polarizers by using a Nikon model Eclipse LV100NPOL polarized optical microscope (POM).
Mechanical testing of nanocomposite fibers
Stress-strain curves were obtained by testing the samples using a mechanical strength tester ESM301 from Mark-10 Corporation. Tests were performed at a rate of 0.5 mm min −1 . The mechanical properties for each sample were based on the average value of three specimens. The prepared fibers were equilibrated under 25°C and 10% relative humidity condition for 48 h before the mechan-ical testing, and the cross-section areas of all samples were calculated by SEM. The Young's modulus of the samples was determined by the slope of the linear region of the stress-strain curves.
RESULTS AND DISCUSSION
It is well known that flow can facilitate the assembly of nanomaterials [27] [28] [29] . Several studies have demonstrated the preparation of nanocomposite fibers with aligned 2D nanosheets or 1D nanotubes by using wetspinning strategy. However, concentrated suspensions of nanomaterials and the relatively low flow rates pose difficulties in achieving high-level alignment of nanomaterials [27] . Recently, we observed that liquid droplets can rapidly spread on an immiscible oil/hydrogel interface in a liquid/liquid/gel system [30] [31] [32] . In this work, we used the CNTs that were well dispersed in aqueous solution with a surfactant that adsorbs at the surface of the nanotube bundles. These suspensions did not coarsen or phase-separate macroscopically over several weeks. SA is soluble in water and forms stable gels at room temperature in the presence of divalent cations (i.e., Ca 2+ , calcium ions). Ca 2+ ions crosslinked alginates have been widely used in biomedical applications [33] . Here, we demonstrate that a droplet of low-viscosity reaction solution containing CNTs and alginate could rapidly and directionally flow on the vertical hydrogel grooves, facilitating the alignment of CNTs along the flow direction. Fig. 1 illustrates the fabrication process of bioinspired CNTs/CA nanocomposite fibers. The reaction solution containing CNTs was dropped from the top of the vertical hydrogel surface with a uniform groove (Fig. 1a) . Owing to the liquid-like property of the hydrogel surfaces and gravity, the reaction solution could rapidly and directionally flow along the groove. The CNTs are expected to form a preferential orientation in the flow direction induced by the shear-flow. This transiently ordered structure can preserve via in situ ionic crosslinking of alginate by Ca 2+ ions that diffused from the hydrogel surfaces, converting the CNTs-containing solution layer into a CA gel fiber. This CA gel fiber can be readily separated from the grooves after immersion in a water bath (Fig. S2) . After being dried in air, the gel fiber shrank significantly, keeping the same length while reducing eight times in diameter compared with the wet one. Importantly, the assembled CNTs still maintained during the drying process (Fig. S3) . Meanwhile, the drastic contraction in the diameter direction and the capillary force during the loss of water could help close packing the CNTs within the CA matrices. Consequently, the CNTs become densely stacked and relatively aligned directionally to the fiber's axis. The dried CNTs/CA nanocomposite fibers were flexible and strong enough so that they could be wound around a spool (Fig. 1b) or knot without the occurrence of any breakage (Fig. S4) , demonstrating their excellent flexibility and resistance to torsion. The uniform morphology of the CNTs/CA nanocomposite fibers shown in Fig. 2c suggests that the CNTs are assembled into uniform and continuous nanocomposite fibers without defects. The cross-section morphology of the nanocomposite CNTs/CA fibers shows a typical close-packed microstructure of CNTs (Fig. 2d ). The energy dispersive X-ray spectroscopy (EDS) result indicates the uniform distribution of Ca element, revealing that the Ca 2+ ions are fully diffused and uniformity distributed in the CNTs/CA nanocomposite fibers (Fig. S5 ).
Both the fast flow and the confined grooves are highly desirable to achieve high-level orientation of CNTs [34] . We investigated the influence of flow rate on the degree of orientation of CNTs by placing the hydrogel grooves horizontally (0°), 45°tilt and vertically (90°). The prepared nanocomposite fibers were characterized by using wide-angle X-ray scattering (WAXS) and POM (Fig. 2) . With increasing inclination angle of the hydrogel grooves from 0°to 90°, the flow rates increased from ca. 1 mm s −1 to ca. 3 mm s −1 (Fig. S6) , facilitating the orientated assembly of CNTs. The 2D WAXS pattern of the CNTs/CA nanocomposite fibers prepared on the vertical hydrogel grooves shows strong diffuse spots, indicating the high alignment of CNTs in the nanocomposite fibers. In contrast, the CNTs/CA nanocomposite fiber prepared on the horizontal hydrogel grooves shows an isotropic scattering pattern, indicating the random distribution of CNTs within the fiber. The results of POM characterization are consistent with the 2D WAXS results. The POM image of the CNTs/CA nanocomposite fibers prepared on the vertical hydrogel grooves under crossed polarizers shows a contrast at every 45°on rotation, giving a completely dark image when the azimuthal angle between the polarized direction of the incident light and the axis of fiber was either 0°or 90° (Fig. S7) . These results suggest that the CNTs aligned during the directional and fast flow were preserved and predominantly oriented along the axis of the fibers. The orientation of CNTs significantly affects the mechanical performance of the resulting nanocomposite fibers. We first compared the typical stress-strain curves of the CNTs/CA nanocomposite fibers prepared on hydrogel grooves with different angles of inclination (i.e., 0°, 45°, and 90°) (Fig. 3a) . Among them, the nanocomposite fibers prepared on the vertical hydrogel grooves, which have highly aligned CNTs, show the best mechanical performance, with the tensile strength and toughness of as high as 643±27 MPa and 77.3±3.4 MJ m −3 , respectively (Fig. 3b) . In contrast, the nanocomposite fibers prepared on the horizontal hydrogel grooves, which show randomly distributed CNTs, exhibit the lowest tensile strength and toughness. These results indicate that our flow-induced assembly strategy can effectively facilitate the alignment of CNTs into highly ordered structures, leading to the superior mechanical properties.
To verify the essential role of confined grooves in the realization of highly aligned CNTs, the hydrogel grooves with four different width (0.5, 0.8, 1.0 and 1.2 mm) were employed to fabricate nanocomposite fibers on vertically placed grooved hydrogel surfaces. In such case, the prepared nanocomposite fibers show increased diameters from ca. 15 μm to ca. 32 μm as the width of the hydrogel grooves increases (Figs S8, S9 ). As shown in Fig. 3c , both the tensile strength and toughness decrease as the increase of groove width from 0.5 to 1.2 mm. We supposed that the smaller sized of the groove width, the more restricted Brownian diffusion of CNTs, and the more favorable to align CNTs in the flow direction, thus better mechanical properties of the prepared fibers [24] . These results suggest that the confined grooves also play an essential role in achieving the alignment of CNTs, which is the key to realize the exceptional improvement of the mechanical performance. Importantly, the ratio of the CNTs to SA is easily adjusted, which makes our methods distinctively easier than the current assembly strategies. We investigated the influence of the ratios of CNTs to SA (0.2, 0.6, 1.0, 1.4, and 1.8 wt%) on the mechanical performance of the CNTs/ CA nanocomposite fibers. The viscosities of all these reaction solutions were lower than 9 mPa s (Fig. S10) and the solutions could flow through the hydrogel grooves quickly. The mechanical properties of the CNTs/CA composite fibers with different CNTs contents are compared in Fig. 3d and listed in detail in Table S1 . The CNTs/CA composite fibers with about 0.6 wt% of CNTs to SA reach the maximum value of tensile strength and toughness. For other conditions, the tensile strength and toughness of the CNTs/CA composite fibers decreased. When the concentration of CNTs in the reaction solutions was lower than 0.2 wt%, the lack of filler crippled the load carrying capacity of the nanocomposite fibers (Figs S11, S12). On the contrary, too high concentration of CNTs in the reaction solutions may destroy the highly ordered structures of CNTs (Figs S13-S15), thus decreasing the tensile strength and toughness of the nanocomposite fibers [35] [36] [37] .
Our CNTs/CA nanocomposite fibers display excellent tensile strength and a record high toughness of 77. , which is four times higher than that of the reported graphene-based fibers (Fig. 4a and Tables S2-S4 ). The super-high toughness of our CNTs/CA composite fibers derives from the combination of high elongation-to-break and relatively high-yield strength (Fig. 4b) . The reported graphene-based fibers assembled by the wet-spinning process exhibited a tensile strength of 740.1 MPa [38] , slightly higher than our nanocomposite fibers. However, the toughness of these graphene-based fibers is only 18.7 MJ m −3 , far lower than our CNTs/CA composite fibers. On the contrary, the CNTs reinforced rGO-SWNT-PVA fibers in previous work [20] show less than 20 MJ m −3 at strain about 20%, although their toughness could reach 1,388 MJ m −3 with high strain of about 350%. Therefore, our bioinspired CNTs/CA nanocomposite fibers have much higher energy absorption capacity at lower strain (less than 20%) [12] . Moreover, the tensile strength of this rGO-SWNT-PVA fibers is only 570 MPa, lower than that of our CNTs/CA nanocomposite fibers (643 MPa).
To further explore the toughness mechanism of the CNTs/CA nanocomposite fibers, the fracture morphologies of the fibers after tensile tests are shown in Fig. 4c, d . It can be clearly seen that the aligned CNTs in the axis direction are pulled out, demonstrating the relatively slippage occurs between the CNTs and the CA matrices, which can toughen the fibers by increasing the strain to failure at high tensile strength and result in the super fracture toughness.
The proposed fracture mode of CNTs/CA composite fibers is illustrated to understand the mechanism of synergistic high tensile strength and toughness, as shown in Fig. 4e . In the initial stage, the aligned CNTs along with the ionic bonding CA around them bear the tensile stress. No matrices cracks or relatively slippage occurred and less energy was absorbed by the fibers in this elastic deformation stage. With gradually increasing loading, the CA matrices are further stretched and some microcrack appears. The fiber can absorb more energy in this plastic deformation stage. As further increasing the load, viscous sliding between CNTs and the CA matrices occurs, which results in significant strain and energy dissipation [39, 40] .
CONCLUSIONS
In conclusion, we have developed a facile and effective flow-induced assembly strategy to synthesize bioinspired CNTs/CA nanocomposite fibers with high alignment of CNTs. The tensile strength and toughness of these CNTs/ CA nanocomposite fibers reach up to 643±27 MPa and 77.3 MJ m −3 , respectively, exhibiting significant energy absorption capacity at a low strain of about 14.8%. In addition, the composition of the CNTs/CA nanocompo- site fibers can be easily adjusted, leading to a high tunability in flexibility and property. This novel assembly strategy and the outstanding mechanical properties of the CNTs/CA nanocomposite fibers would be of great interest to researchers who work in multiple disciplines, including carbon-based nanomaterials, structural composites, engineering and technology-related fields etc., and could inspire further explorations to high-performance composites. 
